We examined, in the context of phylogeny, variations in ventral cranial shape in Martino's vole (Dinaromys bogdanovi), a rare rodent endemic to the western Balkans. Our analysis was based on 138 complete adult skulls, which were pooled into 3 phylogeographic groups (Northwestern, Central, and Southeastern). These groups were retrieved in an earlier study based on a 555-base-pair fragment of mitochondrial cytochrome b gene, which suggested a stepping-stone pattern of southward expansion followed by allopatry. Ventral skull shape was analyzed with geometric morphometrics using 23 two-dimensional landmarks. The primary shape differences across groups are the sizes of the auditory bulla and the foramen magnum, the length of the incisive foramen, and the width of the rostrum. Consistent geographic trends in shape changes were rare, and size was stable across phylogeographic groups. Morphological relationships among groups closely resemble genetic distances, implying their neutral evolution rate. We suggest that the adaptive zone occupied by Martino's vole imposes narrow limits to its phenotypic variation. Under the strong pressures of stabilizing selection for the normative (intermediate) phenotype, random drift in isolated populations produced only minor deviations in the ventral cranium. Over the last decade, numerous molecular studies have shown that species are structured geographically as nonoverlapping phylogenetic lineages much like those implied in typical subspecies maps (Baker and Bradley 2006) . Research on patterns of morphological variability, however, has lagged far behind the incredible speed of advances in molecular systematics. Given that morphometrics incorporates strong elements of quantification and hypothesis testing, it should be an integral part of any approach to systematics (Lewis 2001; MacLeod 2002) . At the intraspecific level, morphometric analysis can identify independent evolutionary units that share morphologic traits and geographic contiguency over geographic space (dos Reis et al. 2002) .
Over the last decade, numerous molecular studies have shown that species are structured geographically as nonoverlapping phylogenetic lineages much like those implied in typical subspecies maps (Baker and Bradley 2006) . Research on patterns of morphological variability, however, has lagged far behind the incredible speed of advances in molecular systematics. Given that morphometrics incorporates strong elements of quantification and hypothesis testing, it should be an integral part of any approach to systematics (Lewis 2001; MacLeod 2002) . At the intraspecific level, morphometric analysis can identify independent evolutionary units that share morphologic traits and geographic contiguency over geographic space (dos Reis et al. 2002) .
In this study, we evaluated the imprint left by intraspecific evolutionary processes during the last million years on the cranial morphology of Martino's vole, Dinaromys bogdanovi (Martino and Martino 1922) . A rare paleoendemic rodent, Martino's vole is the only living member of the genus Dinaromys and is restricted to a small area (Fig. 1) in the topographically diverse landscape of the western Balkans (Kryštufek and Bužan 2008) . Phylogeographic study of Martino's vole, on the basis of a partial sequence (555 base pairs [bp] ) of the mitochondrial cytochrome b (Cytb) gene, revealed 3 allopatric phylogenetic groups within the species. A northwestern group (NW), which shows the greatest divergence, is separated from a central (C) group by the canyon of the Neretva River in Bosnia and Herzegovina. The next evolutionary split is between the C and a southeastern (SE) group. Time divergences between lineages were derived from molecular clock estimates, applying 2 different calibrations. The NW group was the 1st to diverge at about 0.92-1.3 million years ago (mya), followed by the divergence between the C and SE lineages at about 0.33-0.35 mya (Krystufek et al. 2007 ). Phylogenetic patterns indicated by the mitochondrial study were supported in an independent analysis of 8 nuclear microsatellite markers (Buzan et al. 2010) ; we therefore assume that a reconstruction of Martino's vole phylogeny involves a low level of ambiguity.
The evolutionary scenario behind the current phylogeographic structuring of Martino's vole is rather straightforward, and there is considerable concordance between the molecular data and the fossil evidence (Krystufek et al. 2007 ). Haplotype diversity decreases from the northwest to the southeast in a geographic pattern consistent with steppingstone colonization, thus indicating a gradual southward expansion with subsequent allopatry among major Cytb groups (Krystufek et al. 2007) . Therefore, the NW group is presumably the oldest, whereas the SE group apparently evolved most recently, and palaeontological evidence supports such a scenario. The genus Dinaromys evidently emerged along the northern Adriatic basin. Although the fossil history has uncertainties in taxonomy and stratigraphy, as well as sampling bias, the oldest fossils of the genus can be safely ascribed to the Late Pliocene in northeastern Italy (Sala 1996) . Within the current geographical range of Martino's vole, the undisputable Biharian-age (lower Pleistocene, 1.8-1.5 mya) fossils are to the west of the Neretva River and hence overlap with the genealogically most ancient NW group (Kowalski 2002; Kryštufek and Bužan 2008) .
In this paper we report on the 1st study of cranial variability in Martino's vole throughout its known modern range. Our aim was to examine variation in cranial shape in the context of phylogeny, i.e., to perform a postcladistic morphological analysis of monophyletic groups (Cardini and O'Higgins 2004) in an animal with a reasonably well-known evolutionary history. In applying a morphological line of evidence on differences among groups with known phylogenetic relationships, we focused on 4 questions: Are there significant morphological differences? To what extent does morphological variation among groups mimic genetic and temporal divergence? Which shape features characterize the divergence? and Is there an adaptive gradient in shape variation?
MATERIALS AND METHODS
Samples.-We studied 138 complete skulls of Martino's vole from 26 localities covering the entire known range of the species ( Fig. 1 ; Appendix I). Specimens are deposited in the following collections: Slovenian Museum of Natural History, Ljubljana; Department of Zoology, University of Zagreb; and the National Museum of Bosnia and Herzegovina, Sarajevo.
Martino's vole is a rare and declining rodent (Kryštufek and Bužan 2008) that is listed as vulnerable in the International Union for Conservation of Nature Red list (Kryštufek 2008) ; hence, sample sizes posed a real problem in this study. The great majority of our localities (19 of 26) were represented by ,5 individuals. Because statistical and visual results of geometric morphometric analyses may be strongly affected by inadequate sampling (Cardini and Elton 2007) , our analyses were conducted on samples pooled into 3 phylogeographic groups inferred from a 555-bp Cytb sequence (Krystufek et al. 2007 ): NW, C, and SE. Mitochondrial affiliation was known for 19 of 26 samples. For the purposes of this study, we sequenced a 555-bp fragment of the Cytb gene from 5 Martino's voles from an additional 4 locations (Fig. 1: localities 5, 10, 20, 25) . This increased the number of genetically screened samples to 23. The remaining 3 samples (localities 7, 8, and 11) were assigned to the C group on the basis of their provenance east of the Neretva River, which separates the C group from the NW group, and because they were geographically closest to the remaining populations of the C group (cf. Krystufek et al. 2007) . Samples sizes for the phylogroups were 11 NW, 107 C, and 20 SE (Appendix I).
Age class was assessed from molar crown height (Kryštufek et al. 2000) . Juveniles (,3 months old) were excluded to minimize the effect of ontogenetic growth. All procedures involving handling of animals in this study were in compliance with guidelines approved by the American Society of Mammalogists (Sikes et al. 2011 ).
Molecular analyses.-Deoxyribonucleic acid (DNA) extraction, polymerase chain reaction amplification, and sequencing followed published protocols for ethanol-preserved samples (Krystufek et al. 2007 ). The hierarchical likelihood ratio test implemented in the program Modeltest version 3.06 (Posada and Crandall 1998) was used to identify the most appropriate model of DNA substitution for the data, which was subsequently used to calculate pairwise genetic distances among haplotypes. Phylogenetic affiliations of new samples were assessed by minimum spanning network constructed using the modified algorithm by Rohlf (1973) and implemented in the Arlequin 3.0 program (Excoffier et al. 2005) . Genetic distances between groups were analyzed using Kimura's 2 parameter in the MEGA program (Tamura et al. 2007 ). Geometric morphometrics; landmark configuration.-Ventral skull shape was studied by focusing on 23 two-dimensional landmarks ( Fig. 2 : L1-L23). The ventral side of the skull was selected because it is genetically and functionally diverse (Caumul and Polly 2005) and contains a large number of potential landmarks. Each skull was placed under a digital camera connected to a personal computer, and pictures were taken under constant conditions following Cardini and Tongiorgi (2003) . Landmarks were digitized using the software tpsDig (Rohlf 2010a ) only on the left side of the skull to avoid redundant information. Landmark precision was tested for digitizing error on the sample from Mt. Zelengora, which was digitized 3 times on 3 successive days by the same person (Cardini and O'Higgins 2004) . High correlation (Mantel test r . 0.95) between the matrices of Procrustes distances from each of the 3 independent digitalizations suggested low error.
Differences in landmark coordinates due to the position of the specimens during the data collection process were removed, and size was standardized by optimally superimposing landmark configurations using a generalized Procrustes analysis (GPA) based on a least-squares algorithm (Dryden and Mardia 1998; Rohlf and Slice 1990) in the tpsRelw (Rohlf 2010b) and MorphoJ software (Klingenberg 2011) . Size information was retained as centroid size (CS): that is, the square root of the sum of squared distances between each landmark and the centroid of the landmark configuration (Bookstein 1991) . After testing the closeness of the distances among configurations in the tangent Euclidean space and the Procrustes distances in the shape space with tpsSmall software (Rohlf 2003) , shape variables were analyzed with multivariate statistical techniques.
Sexual dimorphism.-Sexual dimorphism in size and shape was tested using univariate and multivariate analysis of variance (ANOVA and MANOVA) on a sample from Mt. Zelengora (16 males, 25 females). Because the pattern of sexual dimorphism may not be consistent across populations, we verified our results obtained from a single sample on the entire sample, with sex and phylogeographic groups as factors.
Shape variation.
-A principal components analysis (PCA) of shape variables was used to summarize shape relationships in the shape space and to exclude outliers. We also applied discriminant analysis (DA) to look at differences among phylogroups relative to within-phylogroup variability. In such cases the number of degrees of freedom of the within-group covariance matrix has to be greater than the number of variables. Therefore, the number of shape variables used in the DA was reduced to the first few principal components (PCs). The number of PCs was chosen by measuring the correlation between the matrix of Procrustes shape distances in the full shape space and pair-wise Euclidean distances in the reduced shape space (for 6, 8, 10, and 12 PCs; cf. Cardini et al. 2010 ). The first 10 PCs explained 74.1% of total variance and had a correlation with Procrustes distances of 0.978 and therefore represented the total shape variation fairly well. Because of uneven sample sizes, we tested the effects of the two largest groups on analyses. DA was performed to estimate the number and percentage of specimens correctly classified according to their group (hit ratios) and was afterward repeated with random subsamples of the C and SE groups of the same size (n 5 11) to the smallest group sample size (NW; Cardini and Elton 2008) .
To evaluate the performance of the DA, all analyses were cross-validated using the jackknife procedure, in which each specimen is classified into a group using the discriminant function (DF) derived from all specimens except the specimen being classified. A cross-validated DA avoids the risk of overfitting the data and the potential for spuriously high hit ratios (Cardini et al. 2009 ).
To assess the statistical significance of pairwise comparisons of shape between samples, we used standard parametric as well as permutation tests. The permutation test is a nonparametric test and therefore does not rely on assumption of multivariate normal distribution of data or equal covariance matrices of samples. It is also less affected than parametric tests by large numbers of shape variables relative to sample size. We used the nonparametric (permutational) MANOVA (Anderson 2001) , which is a test for differences in location (means or centroids) among groups of multivariate observations on the basis of the chosen distance measure (in our case, the Euclidian distance) and the permutation test of Procrustes distances between sample mean shapes (Klingenberg 2011) . Procrustes distance, which is the square root of the sum of squared distances between pairs of corresponding landmarks in two optimally (by least-squares) superimposed configurations at CS (Bookstein 1991) , summarizes the shape differences between 2 configurations by computing directly in the shape space. To control results for increased likelihood of type I error from multiple comparisons, we used the sequential Bonferroni correction by applying Holm's method (Howell 2002) . To visualize the shape differences in the ventral cranium, we used wire-frame graphs based on the thin plate spline algorithm (Bookstein 1991) using the MorphoJ software (Klingenberg 2011) . Phenetic relationships among phylogroups were finally investigated through a cluster analysis of the mean landmark configurations. An unweighted pair-group method using an arithmetic average (UPGMA) was performed on the matrix of Procrustes distances among the mean configurations of phylogroups to produce a phenetic tree.
Size variation and control for allometry.-Centroid size of the ventral cranium was used for the ANOVA to compare skull size among the different groups. Allometry was investigated with a multivariate regression of shape variables onto CS. To exclude the influence of allometry (Klingenberg and Zimmermann 1992) on the results of shape disparity among phylogeographic groups, we computed the residuals from the pooled within-group multivariate regression of shape variables on CS and used these as allometry-free shape data for statistical analyses similar to those carried out on the original data. Slopes of allometric trajectories were compared among groups with a test for common slopes (tpsRegr; Rohlf 2009) to ensure that all groups shared the same allometry, and thus the pooled withingroup regression could be used. Statistical analyses were performed with NTSYSpc (Rohlf 2002 ), SPSS Statistics (2008 , and R-project (Oksanen et al. 2010) .
RESULTS
Molecular phylogeny.-The overall topology of the minimum spanning network (Fig. 3) is consistent with the one presented in our earlier study. We recognize 3 divergent groups that show a strong geographical association. These groups are separated by 8 (SE versus C), 29 (NW versus C), and 40 mutational steps (NW versus SE), respectively. Mean and net sequence divergences between adjacent groups show that the NW and C groups are the most divergent, and the C and SE groups are the least divergent (Fig. 4) . Our analysis of the 555-bp fragment of the Cytb gene from 5 additional specimens revealed 4 new Martino's vole haplotypes. The haplotype from Mt. Opor (GenBank accession no. JF834138) was placed into the NW group, the haplotype from Mt. Bjelašnica (JF834136) into the C group, and the haplotypes from Mt. Š ara (JF834135) and Mt. Jakupica (JF834137) into the SE group (Krystufek et al. 2007 ).
Morphometrics; sexual dimorphism.-In a sample from Mt. Zelengora we found no evidence of secondary sexual dimorphism in the shape (Wilk's l 5 0.866, F 10, 40 5 0.62, P 5 0.789) or size (F 1, 49 5 0.04, P 5 0.847) of the ventral cranium. Similarly, sex-based differences on a pooled sample (shape: Wilk's l 5 0.912, F 10, 121 5 1.16, P 5 0.323; size: F 1, 130 5 1.95, P 5 0.165) as well as interaction between sex and phylogeographic group (shape: Wilk's l 5 0.849, F 20, 234 5 1.00, P 5 0.462; size: F 2, 126 5 1.96, P 5 0.145) were not significant. Sexes were therefore pooled in all analyses.
Shape variation.-Scatter plots of all specimens on the first few PCs were used as a preliminary step in the data analysis to summarize relationships in the shape space. No obvious divisions were observable on the first 2 PCs (38.0% of total variance explained). The largest C group almost completely overlaps with the NW and SE groups (Fig. 4) .
The DA included the first 10 PCs, which explained 74.3% of the total variance and had a correlation with Procrustes distances of 0.978. Predictability of cases was good (Wilk's l 5 0.379, F 20, 252 5 7.86, P ,, 0.0001), and all pairwise Mahalanobis' distances were highly significant (P ,, 0.0001). Projection of specimens onto the first 2 DFs yielded wide overlap among groups, with a partly distinct NW group (not shown). The percentage of correctly classified specimens (hit ratio) for the whole sample was 79.0% (cross-validated 76.1%). The proportion of correctly classified cases was highest for the NW group (90.9%), followed by the SE and C groups (80.0% and 77.8%, respectively). The proportion of correct jackknife classifications was the same in the NW group (90.9%) but dropped a little in the SE and C groups (75.0% and 75.9%, respectively).
Because of uneven sample sizes in the 3 major groups, we used different combinations of random subsamples of the C and SE groups to repeat DAs. Subsamples were of the same size as the NW group (n 5 11), and specimens that were selected for 1 subsample were not used to create another subsample. The results (hit ratios) were congruent with the results gained from the whole sample, but the hit ratio was higher (92.2%, jackknife 72.6%), evidently a result of smaller sample size (n 5 30).
Pairwise tests for differences in shape (permutation test for Procrustes distances) after a sequential Bonferroni correction for multiple comparisons gave results as follows. The NW and SE groups were most dissimilar in skull shape (Procrustes distance d 5 0.0221; P 5 0.0002), whereas nearly identical Procrustes distances separated the C group from the NW group (d 5 0.0161; P 5 0.005), on the one hand, and from the SE group (d 5 0.0159, P 5 0.0001) on the other. Group differences were also tested with a nonparametric MANOVA, where the sum of squares explained by group membership in the data was compared with that for random permutations of group membership. None of the 999 random permutations resulted in larger explained sum of squares than the original data yielding the smallest possible estimated P-value for the analysis (P 5 0.0001).
Mean shapes for each group were computed and used for estimating similarity relationships with cluster analysis. The UPGMA phenogram constructed from the matrix of mean Procrustes distances (Fig. 5) shows the same hierarchy of relationships among groups as is emphasized in a Cytb network (Fig. 3) . Procrustes distances between major groups are also reflected in the estimated genetic distances. Therefore, the genetically most divergent NW group also emerges as the most distinctive in the UPGMA tree constructed from sample mean shapes. On the other hand, the C and SE lineages are the least divergent morphologically and genetically. The most variable region of the ventral cranium is the auditory bulla (L13-L19 in Fig. 2 ), in both shape and size. It is relatively small in the 2 genetically most divergent groups, the NW and SE ones, but pronouncedly swollen in the C group. It varies in shape in the region of L14 and L15. The NW group shows the most robust rostrum (L2 and L5), the longest incisive foramen (L3 and L4), and the largest foramen magnum (L20-L22). The zygomatic arches (L12) are most expanded in the C group and narrowest in the SE group. The SE group also has the smallest foramen magnum, a short incisive foramen, and a narrow skull in the region of L12 and L13. The only recognizable trends across all 3 phylogroups are evident in the length of the incisive foramen (shortest in the NW group) and the reduction of the ventral area of the foramen magnum (the smallest in the NW group).
Size variation and control for allometry.-Analysis of variance detected no significant difference in the CS of the FIG. 5.-An unweighted pair-group tree using an arithmetic average computed on the matrix of Procrustes distances among mean ventral shapes of the cranium in 3 Martino's vole groups. Overlaid wire frame graphs (magnified 3 times) illustrate differences between means of each individual group (black) and the mean of all groups (gray). Numbers on the branches correspond to Procrustes distances (above) and Kimura's 2-parameter genetic divergences (mean/net; below). Note the correspondence between the genetic and morphometric distances. See text for group acronyms.
ventral cranium among the 3 groups (F 2, 136 5 0.07, P 5 0.93).
As the last step in our analysis, we removed the effect of allometry and repeated the DA and permutation test. Multivariate regression of shape variables on CS showed that 18.9% of the ventral cranium morphological variation comprised size-related shape changes. The permutation test (10,000 randomization rounds) indicated that the allometric effect was highly significant (P , 0.0001). Slopes of the multivariate allometric regression lines among 3 samples were similar (Wilk's l 5 0.446, F 84, 184 5 1.09, P 5 0.31), but the intercepts were different (Wilk's l 5 0.085, F 84, 188 5 5.46, P , 0.0001). This legitimized the use of the same linear model in all 3 groups. DA on the regression residuals (allometry-free shape data) made little difference. The number of correctly classified specimens increased to 80.6% (74.1% for jackknifed). Considerable improvement was evident in the results of the pairwise test of significance for Procrustes distances among the 3 major groups (10,000 iterations) as all pairwise comparisons were highly significant (P , 0.0001). Comparison of mean shapes gained from the allometry-free data showed no considerable differences from mean shapes calculated from the original data.
DISCUSSION
Our analysis retrieved significant differences in ventral cranial shape among evolutionary lineages of Martino's vole, a paleoendemic rodent occupying a small, fragmented range in the topographically diverse western Balkans. The primary shape differences across groups were in the size of the auditory bulla and the foramen magnum, the length of the incisive foramen, and the width of the rostrum. Consistent geographic trends across phylogeographic groups were rare, being evident only in the shortening of the incisive foramen and the reduction of the ventral area of the foramen magnum. Both structures were largest in the NW group and smallest in the SE group. Earlier studies found the intraspecific variation in rodent skull shape to evolve as a consequence of an isolation by distance that was shaped by selection and drift (e.g., Fornel et al. 2010) .
Morphometric analysis followed an earlier phylogenetic assessment based on the Cytb gene (Krystufek et al. 2007 ). Because mitochondrial DNA in mammals conforms to the neutral model of evolution (Nabholz et al. 2008) , we accepted divergences calculated from the Cytb sequences as being proportional to time. In our study the patterns of relationships indicated by results of the mitochondrial study are similar to the patterns of phenetic similarity indicated by the morphological study. With this conclusion, one should keep in mind that different views of the skull (i.e., dorsal, lateral, and ventral) may provide different levels of resolution for defining population groups by demonstrating variability in characteristics (dos Reis et al. 2002) . Nevertheless, the concordance between the Cytb divergence estimates, used as a baseline for a neutral rate, and the Procrustes distances summarizing the ventral cranial shape system implies a neutral evolution rate also for the latter.
Molecular reconstruction of the phylogenetic history of Martino's vole strongly suggests stepwise colonization. Haplotype diversity decreases in a northwest to a southeast direction in a geographical pattern consistent with a stepping-stone range expansion that was followed by allopatry of new populations. Therefore, the phylogeographic structuring of Martino's vole most probably reflects a gradual southerly expansion across the Neretva and Drim rivers (Krystufek et al. 2007) . During this two-step process, the expanding populations entered new landscapes where they possibly faced new adaptive zones with novel selective pressures. Phenotypic variation responds differently to different types of selection. In Martino's vole, as in other arvicolines, such a response cannot be studied on fossil evidence, which consists of isolated molars; therefore, one can only rely on concordances or discordances between the two data sets: the morphological and the genetic.
Directional selection favors a particular phenotype, which results in a continuous, unidirectional shift in allele frequency. This type of selection decouples the molecular and morphological rates of evolution (Ahrens and Ribera 2009) . Our results did not yield discordant Procrustes and mitochondrial distances. Given the lack of evidence on directional selection, stabilizing selection is anticipated as the main environmental driver of phenotype change. This presumption fits the available knowledge on the ecology and biology of Martino's vole. The animal has narrow habitat requirements and depends on underground shelter in corroded limestone (Kryštufek and Bužan 2008) where microclimatic conditions remain more or less stable throughout the year (Kryštufek and Kovačić 1989) . Isolated from a wide range of climatic extremes on the surface, Martino's vole is presumably subjected to stabilizing selection, which favored the phenotype achieved after the population had stabilized on a particular trait value (Adams 2008) . The invariant size of the skull across the 3 phylogeographic groups is congruent with a postulated narrow phenotypic norm for Martino's vole. Optimal body size in mammals maximizes the potential for growth and reproduction (Porter et al. 2000) . This component of the phenotype often correlates with ambient climatic variables, and changes in mean body size can evolve within a short time (Yom-Tov and Geffen 2011). Size would probably be more variable in Martino's vole if the animal were directly exposed to climatic extremes on the surface. Stable size, however, is unsurprising for an animal that remains restricted to a narrow, stable microenvironment for the majority of its life.
We suggest that the adaptive zone occupied by Martino's vole yields very narrow boundaries for phenotypic variation. Under strong pressure from stabilizing selection for the normative (intermediate) phenotype, random drift in isolated populations could produce only minor deviations in the ventral skull shape.
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